Water utilities use operational strategies such as increasing pH, chlorine-ammonia ratio, and/or chloramine residual, distribution main flushing, and periodic break-point chlorination to control nitrification of chloraminated water in distribution systems. Although these methods are proven to be useful in controlling nitrification, the results are utility dependent and sometimes not effective in controlling the loss of chloramines. In various pilot studies, the direct application of chlorite at 0.1 to 0.8 mg/L is shown to be an effective alternative to control and prevent nitrification. Chlorite inactivates ammonia-oxidizing bacteria (AOB), the root cause of nitrification. In this study, we developed a kinetic model for nitrification inhibition through the addition of chlorite and the observation of residual chloramines and AOB. The important water quality variables examined were: chlorite concentration ranging from 0.02 to 0.4 mg/L, pH ranging from 7 to 9, ammonia concentrations ranging from 0.5 to 2.0 mg/L-N, and temperature ranging from 15 to 35 W C. Instead of measuring the viability of the AOB cells, the production of nitrite and the consumption of ammonia are used as surrogates for cell activity. This information was used to develop a kinetic model (modified Intrinsic Quenching model) that was able to fit the experimental data.
see USEPA ), 95% of samples from a distribution system must have a disinfectant residual greater than 0.2 mg/L of chlorine. In addition, nitrification increases the levels of nitrite and nitrate, which are regulated contaminants. The maximum contaminant levels (MCL) of nitrite and nitrate are 1 and 10 mg/L-N, respectively (USEPA ).
Operational strategies that have been used to control nitrification include raising the pH of the water, reducing the age of water, increasing the chlorine-ammonia ratio, increasing chloramine residual concentration, distribution main flushing, periodic break-point chlorination, and NOM removal (Odell et al. ; Harrington et al. ; Skadsen ) . While some of these operational practices have been successful, it appears that the outcomes are utility dependent. Moreover, some of these strategies can pose significant operational and/or financial difficulties.
Health risk of direct application of low levels of chlorite
One major barrier to directly applying chlorite as a nitrification inhibitor is the fact that chlorite is a regulated chemical with an MCL of 1.0 mg/L and a maximum contaminant level goal (MCLG) of 0.8 mg/L (USEPA ). The concentration of chlorite used in this study was less than 0.4 mg/L, or less than 50% of the MCLG. The levels of chlorite in this study are below 0.4 mg/L, or 38% of the suggested RfD.
Nitrification inhibition by chlorite
One of the earliest works on the inhibition of chemoautotrophic nitrification by chlorite was conducted by Hynes & Knowles () to prevent loss of ammonium fertilizer due to nitrification. They conducted their experiments in a soil environment that had a high ammonia concentration of 2 mM (28 mg/L-N) and a cell concentration of 960 × 10 6 cells of ammonia oxidizing bacteria (AOB)/mL. The use of chlorite to inhibit nitrification in drinking water was first investigated by McGuire et al. () .
Their experiments lasted for 24 h and the concentration of AOB was monitored using a most-probable-number (MPN) technique. Chlorite at concentrations of 0.05, 0.2, and 1.0 mg/L was applied to the bench-scale experiments with varying concentrations of AOB (190-91,000 MPN/mL). At the end of the experiments, counts of AOB were less than the detection limit of 0.2 MPN/mL. The effect of chlorite on the heterotrophic plate count (HPC) and Escherichia coli bacteria was also evaluated with chlorite dosages of 0.1, 0.3, and 1.0 mg/L. The results showed that HPC and E. coli numbers were affected by chlorite at all tested concentrations. Field investigation at their facility also confirmed that the presence of chlorite could retard nitrification.
Utilities that have chlorite present in the distribution systems lose less chloramine and ammonia-nitrogen than those without chlorite. ished water leaving the treatment plant. Three weeks after the initial feed, nitrification in the distribution system was significantly decreased. Oxygen and chloramine residuals at sampling sites increased after the application of chlorite.
There was no information available regarding the chlorite levels and the duration of application.
Two additional studies have been reported for pilotscale nitrification inhibition. The first study was conducted in a pipe-loop apparatus (Passantino et al. ) . It consisted of two connected loops that represented a transmission line and distribution line with sections of pipes taken from a distribution system. The feed water consisted of the finished water from the Union Hills Water Treatment Plant, Phoenix, AZ with a chlorine residual of 3.0 mg/L-Cl 2 and Cl 2 :NH 3 -N ratio of 3:1. Chlorite was fed at 0.5 mg/L, but it decayed in the system to less than 0.1 mg/L after a retention time of about 5 days. There were two explanations for the decay:
(1) chlorite could have combined with free chlorine due to mixing issues, or (2) Based on the current status of research relating to nitrification inhibition using chlorite, the objective of this study was to provide an in-depth understanding of the inhibition kinetics in the presence of chlorite through mathematical modeling. Bench-scale experiments were conducted in order to obtain the kinetic model parameters.
MATERIALS AND METHODS

Materials and preparation methods
Sodium chlorite used in the experiment was obtained from the JT Baker Company (now part of Avantor Performance Materials), Center Valley, PA. The purity was 79%. A stock solution of sodium chlorite was prepared with a concentration of 1,000 mg/L. An ammonia stock solution at a concentration of 1,000 mg/L-N was prepared from ammonium sulfate (NH 4 ) 2 SO 4 (purchased from VWR Scientific 
where N is cell concentration (cells/mL), N image is the aver- We modified the IQ model by inverting the chlorite concentration (1/C 0 ) and introducing a coefficient n* to the equation. The rate constants k 1 (rate of AOB activity) and k 2 (rate of chlorite effectiveness) are described in Figure 1 .
In this figure, the activity of an inoculum of N. europaea is inhibited by the presence of chlorite. The activity of the cells (less/no consumption of ammonia and less/no production of nitrite) is a rate governed by k 1 . At the same time, the chlorite effectiveness lessens (has less/no effect on the cells) at a rate governed by k 2 .
As inhibition occurs over time, the activity of the AOB was measured and their activity decreased as chlorite concentration increased. For general use of the disinfection equation, the number of dead organisms increases as the disinfectant concentration increases. Therefore, the following equation used in our work is termed a modified IQ model
where A 0 /A ¼ ratio of initial NH 3 and NH 3 (at time t) concentration, k 1 ¼ rate of AOB activity (per h), n* ¼ dilution 
RESULTS AND DISCUSSION
In the inhibition experiments, nitrite production was used as a proxy for cell activity since the added ammonia was metabolized by N. europaea used in the batch experiments.
Nitrite is a product of the activity of N. europaea (Hooper ) . The initial conversion of ammonia to nitrite is problematic because nitrite in water will react chemically with chloramines leading to the reduction of disinfectant 
N number of surviving microbes Skadsen ). The procedure for measuring nitrite concentration is not only simpler, but less time consuming, less expensive, and more accurate than enumerating AOB, making it easier for water utilities to measure nitrite on a routine basis.
Based on our experimental design presented in Table 1 , there were a total of eight sets of experiments in which pH, initial ammonia concentration, and temperature were varied. Each set generated four curves representing chlorite concentrations of 0.02, 0.05, 0.1, and 0.4 mg/L. Set two served as a base-case condition. In this case, pH was set at 8, ammonia concentration at 1 mg/L-N, and incubation temperature at 30 W C (Figure 3) . The chlorite concentration remained unchanged throughout the incubation period.
For each set, the coefficient k 1 (rate of inhibition), n* (dilution coefficient), and Q (amount of curvature) were obtained by fitting these parameters using a statistical program (Igor, WaveMetrics, Inc., Lake Oswego, OR). The experimental data and the fitted curves are displayed in Figures 2-9 . The fitted parameters for these results are shown in Table 3 .
As expected, the higher the chlorite concentration, the lower the ammonia consumption was in every set. As chlor- The modeled and the observed data were statistically compared using the average of the residuals (difference between the predicted and observed values) and standard deviation of the residuals. Table 3 presents -2 and S-3) . Based on the 99% confidence interval in these three plots, coefficients k 1 and Q appear to be dependent on pH. On the other hand, coefficient n* appears to be independent of pH at levels from 7-9. The plots also suggest that initial ammonia concentration (Sets 2, 4, and 5) and temperature (Sets 2 and 6-8) have less effect on k 1 , n*, and Q values based on the 99% confidence interval. In other research, the value of n has been shown to be independent of temperature (20-35 W C) for phenol and E. coli (Hugo & Denyer ) .
Coefficient k 1 and pH values can be related by an exponential fit based on the three experimental data points shown in Figure S-1 . The equation is given by
The plot indicates that coefficient k 1 increases rapidly between pH ranging from 8 to 9 compared to pH ranging from 7 to 8. When the pH value increases, the AOB appear to be more resistant to the exposure of chlorite that leads to a higher rate of AOB activity. This confirms the find- Hom () explained the meaning of the dilution coefficient (n), thus: the efficiency of disinfection decreases rapidly with dilution when the value of n is greater than one. The contact time is of greater importance than disinfectant concentration when the value n is less than one. For most chemical disinfectants, concentration and time are of equal importance when n is equal to one. In our study when using chlorite, the value of n was less than one (average n ¼ 0.80), which suggests that contact time is of greater importance than chlorite concentration.
The coefficient Q indicates the effectiveness of chlorite on AOB inhibition. The coefficient Q and pH value can be related by a linear fit as shown in Figure S-3 . The equation As pH increases, Q decreases. Note that the pH range applicable to this equation is between 7 and 9, the range normally found in distribution systems. Lower Q means a higher level of quenching (e.g., loss of disinfectant). It can be inferred that the ability of chlorite to inhibit AOB activity is reduced as the pH increases. As noted in Table 2 , Q is equal to k 2 n for the IQ and equal to k 2 n* for the mIQ model. Based on experimental results presented here, both rates k 1 and k 2 were governed by pH.
SUMMARY AND CONCLUSION
This research introduces an innovative and alternative way to study nitrification inhibition. Instead of using the traditional method of quantifying cell concentration over time, the consumption of ammonia was measured. The term natural log reduction, ln(A/A 0 ), used in this paper refers to the reduction of ammonia concentration as a result of nitrification. The inhibition of N. europaea by chlorite can be modeled using the mIQ model that is first introduced in this study. This model is suitable for a natural log reduction-time curve with a high amount of tailing.
The modified IQ model describes the inhibition in which the natural log of activity is a function of three coefficients: the rate of AOB activity (k 1 ), dilution coefficient (n*), and the amount of curvature (Q) in plots. Coefficient Q is a product of k 2 and n*, where k 2 is defined as the rate of chlorite effectiveness. Both k 1 and Q coefficients were found to be dependent on pH in a range of 7 to 9. Other parameters such as ammonia concentration and temperature were shown to be less significant.
Water utilities are expected to benefit from this work as the measurements of ammonia loss and nitrite production are relatively fast and less costly compared to counting live and dead bacterial cells. Many water utilities do not have in-house capabilities for quantifying cell concentration.
This alternative technique will significantly increase the validity of using chlorite as an inhibitor for controlling nitrification in the distribution system in its early state of initiation. More work is needed to examine inhibition kinetics of chlorite on AOB growth in on-going or severe nitrification episodes. In order to minimize the impact of various external variables, we used water passing through a reverse osmosis membrane. In actual distribution system water, there can be interference from NOM. Therefore, future work should also cover the aspect of NOM effect in model development.
